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A M _ I

The possible application of himerbolic Loran-C as a

position~ing sys'tem for hyrdrographic surveys Was irnvesti,-ated.

It w,.as found that the present capabilities of the system did

-not meet the 40 meter (drms) accuracy required for offshore

surveyl-s. 7'--e use of differential _Toran-C tech-nicues and

-,eodetic calibration procedures was examined. Afield test

was conducted in ::ontere-y -)a-?, California, usin:7 a microwave

-cositionin- s:ystem to test th-,e accuracyr of the *:rest Coast

Lorazn-C chain, specifically the 9940-'-1 and Y rates. Overland

-propa~eatio-n corrections for the test 2zea are presented. It

wa fPou.nd thnat scrupulous application of the differential

tLech-nicue and rirorous calibration Drocedures imnoroved the--

,"'solute poosition accurac,_r of a mo"Cile L-or.an2-C receiver to

comethinr less th'an 100 meters (drms).
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I. ADVA TAGES OF THE LORMN-C SYSTEM:

Present hydrographic survey procedures rely heavily

upon electronic positioning systems, typically medium-

frequency systems which require substantial shoreside instal-

lations for the antennas and ground planes. There are

attendant problems with logistics, land use permits and

vandalism. In addition, situations arise where the geometric

confimuration of the medium-frequency system being used for

a particular survey leaves some portion of the area less

than adequately covered. A positioning system based on

Loran-C, or some combination of Loran-C and medium-frequency

systems, could alleviate these problems. ith its trans-

mitters already in place and continuously operating, a

Loran-C system would require none of the shoreside installa-

tions associated with medium-frequency stations. As discussed

later, the differential Loran-C technique does require estab- 4

lishing shoreside receivers, but the installation would be

much smaller and simpler than that of a medium-frequency

transmitter. Used in a combined system, Loran-C could

supplement the medium-frequency system by providing addi-

tional coverage. For example, the medium-frequency stations

could be positioned to provide the best coverage in the near-

shore areas of the survey while leavin7 the offshore areas

to be covered by Loran-C. idditional scenarios can be

imagined where the application of Loran-C would be advanta-

geous.
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Loran-C has not had widespread use as a hydrographic

positioning system because of its comparatively poorer

accuracy. The qrstem was designed to provide a repeatable

position accuracy of 0.25 nautical miles (463 meters) while

most hydrographic applications require almost an order of

magnitude better accuracy in absolute position. Because

of improvements in equipment and data processing procedures,

the Dotential accuracy of the system has been improving.

Recent investigators have quoted positional accuracies in

tens rather than hundreds of meters for some applications.

This work was largely stimulated b17 one such study CC-oddard,

1970 in which a position repeatability of 6 meters was

obtained (one drns). It was decided to review the present

and future potential of Loran-C in order to estimate its

usefulness as a positioning system for hydrowraphic surveys.

's discussed in this report, it appears that absolute

positional accuracies in the ranze of 40 to 100 meters

(drms) are presently achievable in a Loran-C system if

sufficient geodetic calibrations are obtained and differential

correction techniques employed. Given these accuracies and

caveats, such a system would be of little value in routine

hydrographic survey operations in the coastal waters of

the United States. It should be noted, however, that the

system accuracy is highly sensitive to anr improvements in

receiver performance and the model used to account for the

effects of overland propagation. 2oth of these aspects

of the Lorian-C system are being studied extensivel> and it

~91



is likely that significant improvements will be forthcoming.

The increase in research and development work has been stimu-

lated by the Department of Transportation decision in 1974

to implement Loran-C as the radionavigation system for the

Coastal Conference Zone of the United States. ;ith this

long-term commitment to the availability of Loran-C, new

techniques and improved equipment designs are being pursued

br both government and industry. The result will surely be

an improved Loran-C system with wider applicability for use

as a positioning system in hydrographic survey operations.

40



II. TIKE DIFFER:TCE E-UATIO"T

The following discussion assumes considerable familiarity

with the basic Loran-C system. General descriptions are widely

available in government publications and texts on navigation.

A comprehensive review may be found in the American Practi-

cal -avizator 1, 975.

In its traditional application, Loran-C is a time dif-

ference, hyperbolic pcsitioning system. Each observed time

difference, or rate, provides one hyperbolic line-of-position.

By observing the transmissions from three stations, two

hyperbolic rates are measured and a position can be deter-

mined byr either graphical or analytical techniques. :he

graDhical solution technicue is co-monl- used in conjunction

with nautical charts where the rates are pre-plotted -and the

user merely locates the intersection of -is observed rates.

The analytical solution offers betteri precision and more

flexibilitv than the Zraphical technique. The follovinf

discussion develops the basic time difference ecua.tions

which are used to compute a -eographic position from

observed Loran rates.

:he time difference observed at a receiver is the

difference in arrival tines for si=-ls from the 7m ser

and ore secondar- transitter in the chain. ?ecause all.

transmitters share the sae frecuencies, ' their siz nas

must 'e separated in time to prevent interference. Each

ii



station repetitively transmits a burst of pulses followed

by a relatively longer silent period. The chain is syn-

chronized so that the master transmits first followed by

each of the secondaries in turn. The transmission of each

secondary is delayed by a specified amount (the emission

delay) so that nowhere in the coverage area will sinals

from one station overlap another.

2_eferring to Figure 1 with a receiver located at point R,

the obsered time difference using the master 7, and secon-

dar' ', is,

TDTJ = ED + t,. - t.(

where ED_ is the emmission delay specified for secondary IC,

and t., and t-, are the travel times from the secondary " to R.

and the master to -i respectively.

TI order to express the time difference as a function

of eorraphic position, the travel time t is separated into

additive terms,

t - D + F (2)c

where c = free space propagation velocity, n = index of

refraction for a standard atmosphere, D = geodesic distance

from the transmitter to receiver, and F is the so called

:hase Factor which corrects for the retarding effects of

the earth's surface along the path. Substituting this form

into the time difference equation geies a pair of equations,

I c i Mn

TDY = r + D - 3.i) + .-c -

12



R 0

7-
'S ~ AW (transmits at tz EDW)

t M

5'

SM (tran-,mits at t=O)

y

(transmits at t: ED Y)

?ig'ure 1. Components of Trime Difference 11easurement

Loran transmitters located at "-!, -"and Y and R-eceiver
at R . R efer to text for exmlanation.
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which relate the Loran time differences TD'W and TDY to the

distances from each of the three transmitters. Several

computational techniques have been used in order to solve

these equations for the geographic position of the receiver

Cfor example, Campbell, 1965 . vost are iterative in that

time differences are computed using an estimated position

of the receiver and then compared to the observed values.

ith this information, a new position is chosen and time

differences recomputed. The process repeats until the

computed and observed TDs agree to within some specified

tolerance. Systematic errors result from inaccurate pre-

diction of the Phase Factors as discussed later.

14
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III. DIFFERENTIAL LORAT-C

The differential Loran-C technique is a method of improving

the temporal stability and repeatability of the system.

Fixed-monitor receivers are located in the geographic area

of interest and average time differences determined. Changing
propagation conditions and transmitter instabilities are

detected as deviations from these average time difference

values. These deviations are then used as differential

corrections for other receivers in the nearby area.

it has been also sugested that this technicue can be

used to determine geographic corrections for an area. in

concept, if the -eographic position of the monitor receiver

were :covm, then the differences between the computed -?nd

observed rates at the monitor would constitute corrections

applicable to other nearby receivers. A+Iin these correc-

tions should allow an accurate computation of the eo~ ri.

position of the receiver. In the context of the subsecue'.'

discussion in this paper, this is equivalent to determininz

the s:stematic errors or overland propagation corrections

of the Loran net at a single point in the area of interest.

3ecause the overland corrections change significantl- in

passing across the land-sea interface, a shore-based monitor

would be of little value in determining the systematic

errors offshore where the survey vessel is operating. The

implication for a hydrographic positioning system is that

15



the geographic position of the shore-based monitor need not

be determined nor be a criteria in the selection of monitor

sites.

The differential technique is necessary, however, in

order to eliminate significant temporal fluctuations in the

Loran rates. Several tests have shown that these temporal

instabilities are well correlated over distances on the

order of 100 kilometers even across the land-sea interface.

One such test [Goddard, 197f used a stationary receiver

which was shifted among five different sites alcn the

shore of Delaware 3ay and one site at an offshore lighthouse

over a six week period. Two fixed monitors were used in

order to test the differential technicue over a varietv of

senaration distances from about 30 to 130 kilometers. -.hen

differential corrections were made at 100-second intervals

using 100-second average values at the monitor and receiver,

the temooral instability of the receiver was sigificantl-

reduced. E- xpressing the instability as the standard devia-

tion of the observed values, the improvement was from a

maximu&m of 0.07 microseconds uncorrected dorn to something

less than 0.02 microseconds after correction. A similar

improvement was observed on each of the separation distances

tested.

This correlation is essential if a shore-based monitor

is to provide useful corrections for a survey vessel operating

offshore. Veronda E1977, p. 33J has suggested that this

correlation distance may be as =reat as 240 kilometers if



the monitor is located along the signal path to the working

area. Thus in choosing the monitor site or sites, due con-

sideration must be given to differences in the paths from

transmitter-to-monitor and transmitter-to-survey area.

For example, situations where the path to the monitor is

entirely over land while the one to the survey area is

largely seawater should be avoided. By locating the moni-

tors on peninsulas, headlands, or offshore islands, this

situation should rarely develop.

It is interestin: to note that the S vstem .'ea oritor

S!") stations associated with each Loran chain apply

differential-type corrections to the Loran rates in real-

time. These SAC stations continuously monitor the si.nals

from all transmitters in the chain. If the observed time

difference deviates b- more than 0.05 microseconds from its

expected value, then the appropriate secondary is instructed

to adjust its emission delay time in order to remove the

error CL*GA, 1976 . These real-time corrections are intended

to control timing errors between stations, but they also

pick up any chenges in the propagation conditions which

mayr occur on paths from the transmitter to the s.. site.

In comments on the remarkable stability of the Loran rates

in San Francisco Harbor, Illgen [1973 noted that the opera-

tion of the SIC- at Point Pinos, which is some l0 kilometers

to the south, produced a situation closely resembling differen-

tial Lorazn-C.

17
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IV. ACCURACY COTSIDERI.TIOIS

The sources of error in a Loren position can be dis-

cussed in terms of those effecting the repeatability of

the system vis-a-vis those producing systematic or time

invariant position errors. This separation corresponds

to the 'way in which the corrections are applied. The

temoral variations monitored byv the differential tech.nique

are used to correct the observed rates; i.e., improTe the

repeatabilityr of the observations. The systematic errors

are determined by calibration and applied to correct the

computed position.

-he factors effectin7 repeatabilitr are receiver errors,

transmitter timing errors, and temporal chances in propnaa-

tion conditions which result from .,ieather related ohenomena.

S,-stematic errors, as defined _here, result from geolraphic

differences in propagation conditions, such as the conductiv Jtu

and len'th of the overland portion of the si-nal path.

:' .. ~" *;c: ., DILUTIO'T O: PECIST (C-DoP)

The herbolic geo-metr- implicit in the time difference

equations affects the Drecision of the comptted geographic

position. The effect is expressed as a Zr2dient in meters

per microsecond .hrich is termed the Geometric Dilution of

Precision. Its functional form is derived in an!7 of several

-A k ----1-



references [tlantic Research Corn., 1962, p. 130]. The

GDOP factor expresses the combined effect of laxie expansion

and decreasing intersection angles between the hyperbolic

arcs as the distance from the baselines of the Loran chain

is increased. For the purpose of this discussion it suffices

to note that over the coastal waters of the United States,

the GDOP varies from about 200 to 2000 meters/microsecond.

The implication is that an accuracy of 0.1 microsecond in

each rate gives a position accuracy between 20 and 200 meters.

Thus the geometry of the Loran chain is si nificant in deter-

mining whether or not the system can provide surrey qualit-7

position data. The Defense Iapping Agency has prepared

charts for each Lora-n-C chain which deoict the effective

covera7e area depending upon the variation in "IX_ as well

as maximum si.nal ran-e ond exmected signal-to-noise condi-

tions. These are published as Loran-C Reliabilit" Diagrams

in the -I9?P 5000 chart series.

E ?g T -'gRR=7- ORS

Receiver errors are a function of the signamlP strenrth,

sinal-to-noise ratio, amount of sk7,wave and cross-chain

interference, velocity and/or acceleration of the receiver,

and receiver desi.m. Interference problems are minimal

because of phase coding applied to tle transmitted pulses

and timin7 relationships between adjacent chains [2-A Pub.

:-o. 1, 1976]. The speed of typical hydrographic surve-

19



vessels is less than 20 knots and its effect can be eliminated

by appropriate sampling and filtering techniques.

Under favorable sig7nal-to-noise conditions, several

commercial receivers have exhibited time difference errors

with a standard deviation of less than 0.1 microsecond

1977]. This is obtained with averaging times on the order

of a few seconds, corresponding to an average of 10 to 100

measurements depending on the repetition rate of the chain.

:ecause of Loran geometry, significantly better performance

is needed in order to obtain typical survey accuracies over

much of the U. S. coastal waters. A performance goal of

0.05 microsecond is not unreasonable. Improved receivers

can be erpected in th.e next few years. Longer effective

averaginz times can be achieved by designing processinc

schemes which incorporate ship course and speed data.

improved performance in stationar:7,7 receivers has alread,-,.

been demonstrated; for example, Goddard c197] used 10C-second
averajes and achieved standard errors on the order of 0.01

microsecond.

$i -n _al-to-noise conditions also effect performance.

-avorable conditions are -lad: or better. In desianing

t-e Loran transmitters, power outputs are chosen to provide

suitable signal strengths in the coverage area. At about

-4.3d7, most receivers 'Oe7in to exhibit increasing errors

=til some minimum value is reached and the receiver ceases

to track the sisnals. -or more information on receiver

performance under var:-inz conditions, Veronda C1975 has a

20



comprehensive list of available literature. The implication

for hydrographic work is that signal strength and signal-to-

noise information must be collected in order to insure data

quality. Several commercial receivers already provide these

outputs.

C. TLATSIZTTER TIT-ITG ERRORS

Instabilit- in chain timing and s.-chronization is the

least si-nificant source of error. Cesium frequency standards

at each station provide a highly accurate timing reference.

As noted in the discussion of differential Loran, the System

-ea ionitors control chain timing to within 0.05 micro-

second. Field measurements have shown that the actual error

is considerably less than this control tolerance. Data

collected from the West Coast Loran chain =ave a standard

deviation of 0.02 microseconds due to transmitter fluctua-

tions [llgen, 197.3. In any case, the differential Loran

technique readil7r corrects for any significant transmitter

errors.

21
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V. I~02MT-C GROUTTD 1 'JATET PRORAGATIOIT

Toran-C is a low frequency radionavigation system which

operates in the spectral band of 90 to 110 kHz with a 100 !kHz

carrier frequency,. Propagation in this band has been studied

extensivel> over the past thirt7 years in conjunction with

a varietr of navigation and communication systems. This

discussion considers only propagation effects on the phase

or travel time of the 100 cHz ground wave as seen by7 a sea-

level receiver located in the far field of the transmitter.

Considerations of siqnal strength, sk-7.rave propagation,

receiver altitude, and inductive field effects near t.e

transmitter are relatively unimportant for this aoolication

of Loran-C positionin.. .,;n of 'he reneral references on

Loran-C contain additional information on propagation

including those aspects not specificaIlly covered here.

Pronagating as a ground wave, the Lorp-C signal is

sensitive to the geophysical properties of the earth/atmos-

phere medium throuzh which it is traveli..c. Cable sun-

marizes the important properties and describes their effect

on the travel time of the signal relative to an assumed

seawater path w.fhich is t-micall.- used in Loran computations.

:hose properties related to the earth's surface result in

errors of up to two or three microseconds relative to the

computed values USensus, 1976, and Eaton, 19793. Atmospheric

effects result in time dependent variations of un to 0.6

22



.

0

Cio 0C . -I C) Q "D Q)-

co 0P Hcel (1)-4 00+ 4-4 1:$Q) -

.- 0 1) t 4 -4- _ m 0r e.., o

0) m p -44w-4 g PP 'o C0 g0

4- H C.)> v-4-t C.)C1 c o k0H -
C4 -4 . 00H oC W -. c

r-4 0) 0C ' F-i - DFD- i I-

cc4 0,- o> WO+ 0 0 Q 0

r m- ce..- C.) Q) (1 0 ) C,) C) o -'

C * DI 4) (1)o cl p~c p
b2~2C,0 4- 0 )

C) 00-4- 't

0

C~C)

4-' 0-

-4 C) C)&C .H
g-Z .14 H q )

r-I! - -4 PCC C CCCC

0) 00 P4

.r4 4. Cf.
0- CI) >) -iP H- F-I0 C F4- C~l ;
FCi Ci)+' C") -r- CZ))
P- - (t(~ 0I- 'CH . ,7

cz C)0F-+ n
Ho 0 P- co

C) C'5 C 0 cc ;)

P4

0

00

I H 0 4-



microsecond per day with shorter poeriod fluctuations of

0.1 microsecond per hourx [oherty, and Johler, 1976j -nnual

variatiorns due to seasonal chan!r es in bcotth the atm~osphere

and underlyinLg surface can be as large as 0.7 microsecond

(7eronda, 1977, using information from several sources).

77 careful use of the differential Loran technicue, these
4

t"envooral variations can b-e -reduced to something, less than

0.02 microsecond.

Usinz the classical 7an der Pol-7Bremmer 7round wave

theor-, it is rcossible to develon an com-outer nrogrem to

calculate the actual travel timne of a signal over comnolex

land-sea paths with-* widel- -,ar- -in- -eorrSical morocertieS

CI-oh1 er , 1969 . The meth-od seems to be too cumb-ersom.-e

:.or r-out11ine use in the h~rd=-ao'eic surve,r amorlication.

Instead, it is realistic to approximate the travel t,-imne t

t + 41 + (E

.mere the terms are the samne as qiven in ecuation (2) excentl

that the phase f.actor F has been sDlit into t -erms. I

this frthe termn 0 is called thePri-nr-~~e m

Ath, -1.000338 f'or the standard amosp'er3 and c=299.74-2

meters/mnicrosecond. mesecon-dir ','i"-2ase 7ac+o-- 41Aescr--es

241



tie delay,. of a si7nal propagatin- over a smooth seawater

nath relative to the nrimar-y travel time. : Tationa. B!ureau

of Standards 'Circular 573 ETohler, 1956-3 describes the comn-

putation of V/for varying distances. The Additional

Secondary 7actor F_ represents the additional delay accumu-

lated on non-seawater -oortions of the pathn; i.e., it describ--es

th--,e la'- cf th--e actual siEnal relative to an equivalent dis-

aI~ce over- seaw--ater. She -eneral time differen.ce ecuation

-ecomes,

D +(E-E., ED + -s >- + - (4)

--h-e advar-ta~e of this form is that the so called overland

correction, E.-E ,is reduced to a relatively small term

in th',e ID ecu.tion. Typical values are on the order of

several microseconds or less whfile the total time difference

is on ti--e order of 10C4 microseconds. Fi:e2 showste

th-eoretical form of the AIdditional Secondary Factor for three

>-moheicloat-.s with-1 differin- len-ths of land pOat'-- f.ait,

196- 3J. --.e land -oath lenf-:ths sholvm were chosen because th",ey

ap-oroximate th--e situation in :*ontere:y 3 a~r, California, wh,'-ere

thu-e field exoeriment described later in this re-ocrt was con-

ducted. Th-1e abru-pt dropo in the E values u-oon crossi.n- the

coastline is tUhe nhase recover-~ effect ahich occurs at an-7

conduct ivit7 discontinuit~r in the underl-ing- surface.
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B.OT7ML.CTD PROPAS!0 C nOFLRnP7CTIO0:T

In order to use the timie difference equations to compute

a position, it only remains to empiricallyr measure the over-

land corrections for each rate. Terms on the right-hand-side

of equation (4) are either constants or computed quantities

depending on path distance. By subtractincg observed and

computed TDs at a kniown position, the overland corrections

can be empirically determined for that position. Th7--e problem

in calibration is to extrapolate these corrections to the

surrounding area.

To complicate the problem, the spatial pattern of the

overlan-d correction is one of hills anid valle-rs re-oresentin7

th'e subtraction of two independently varying Efields.

Szeveral calibr-ation procedures h-ave b-een develoo0edwhc

-,se observed -D values, but none h-ave produced surve-- ~ai

corrections. :h'-e most promasan.: metho--d coetr 097 com-

b-ines measurements and some phy,,.sical constraints of 7round

wave pronoagation th ,eory. Tjsin- 7q l1=d based m.,easurements

in an area of 100 kiUlometers square, it achieved a

po sition error of ab-out 30 meters w-hich is si -- ificant>7

worse than that needed for hydrographyT. Althouc:h the mieth:od

rernuires a considerable decrree of comutational finresse,

suc' maethods deserve :fu--rth-er stud-, -with offshore d-ta SetS

to t~lrtest their appolica.-illtir to routine surVe-- onera-

tions. It aooears that for tl--Ie time 'Cein- at leanst, -.-ere

is no method of reliably-! predictin- o-ver-,-d corrections



from relatively few calibration measurements. The h,,dro-

grapher is faced with the task of mapping the corrections

over much of the area and then interpretinq the pattern

in order to extrapolate the corrections to the remainder

of the survey area. T.e procedure is not unlike that

presentl.y employed with medium frequency positioning sys-

tems. 7nhile the hydroraphic community has considerable

experience with medium frequency systems, there has been

little work with long baseline Loran chains in order to

document the spatial variability of the corrections in

offshore areas.

Tn one study off the west coast of Vancouver Island,

CEaton 1979 observed a variation of 0.1 microsecond/kilometer

at about 25 kilometers offshore as the ship passed into the

shadow of the island. This probably7 represents a aorst-case

situation. -As discussed later in this report, measurements

in ::onterer -2ay sugested variations of less than 0.02

microsecond/kilometer, once free of the phase recover-T

effects near the coast. Additional work with fine cgrid

Loran prediction models and field measurements is needed in

order to explore the spatial variabilityr of the overland

corrections in offshore areas.

T'able I7 summarizes the preceedin7 discussions on

sources of time difference errors and "he effectiveness of

Ute various technicues to correct for them. 7he reader is

cautioned that these are estimated errors derived from mcn -

different sources. There have been few field tests in off-

store areas with sufficient accuracy to validate some of these

errors. 28
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VIT. FTELD TEST

In order to test the use of differential Loran-C and

potential calibration procedures in a typical survey, opera-

tion, a series of tracklines were run in the southern por-

tion of 11onterey Bay, California. As shown in Figure 3,

the lines extended from 20 kilometers offshore to within

a few hundred meters of the beach in places. Position

data was recorded simultaneously from two systems; an on-

board Loran-C receiver and a range/ransge microwave syrstem

which was set-up over geodetic control points. The track-

lines were run on two separate days, 12 June and 25 Jul-T 1979,

during d.light hours. The vessel used was the R/7 ..C. IT

i.fnich is operated br the 'Taval Postgraduate School. The

positioning eauipment consisted of a .:icrolo ic "'L-iooo

Loran,-C receiver, which has a 0.01 microsecond resolution,

aund a 7,7otorola 7ini Ranger II 7icrowave Syrstem; both of

w.icn were provided b:, the school.

Position data from both srstems were miuarue-ll loc-ed

at t.o minute intervals while the ship mintained constant

course and speed. _raveln- at speeds of nine to ten .knots,

this resulted in positions at rourhyl 0.5 kilometer inte=rvals

a-lon- each trackline.

Loran covera-e in this area consists of the 9940- ,

and ' rates of the "est Coast chain, 4. _n.-- the

30
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J and Y rates were recorded even though the X and Y pair

provided better precision in this area. The 7.r-rate was

se2ected because of the close proximity of the Srstem Area

Monitor at Point Pinos which controls both the X and Y

secondaries (see Figure 3). This control removes virtuallr

all temporal variation in the X and Y rates over T.onterey

3ay making it impossible to test the differential technique.

It was hoped that the 7J rate, which is controlled b' a

monitor on the Orezon coast, would show some si7_ificant

variations. Records of the time differences of all three

rates from the point Pinos monitor were examined. 7one

showed any variations over 0.04 microsecond during the tests,

with2 t-cical fluctuations of less than 0.01 microsecond.

Thiis high degree of temporal stability resulted in negligible
differential corrections. In order to test the potential for

calicrating the Lorazn-C system over a limited area, the posi-

tions derived from tie microwave system measurements were

used to compute expected time differences at each point.

The difference between these computed values and the observed

time differences constituted a set of estimates of the over-

land corrections.

1. ZO SySTn : PiTI:TI.:G

The microwave system was used to fix the georaphic posi-

tion of the ship br standard range/range computational tech-

niaues. The two ranting stations were set on Imown 7eo~raphic

33
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positions listed in Table III. Ship positions were computed

on a i iodified Transverse Iercator Grid which was centered

in the survey area [1allace, 19713. In this wav the errors

in computed latitude and longitude due to grid distortions

were minimized. Obviously bad positions which resulted

from infrecuent ranoging errors in the microwave system were

rejected. The microwave system had been calibrated over

lmo:.r baselines of 4683 and 17621 meters. ,ith a razning

accuracy of + 3 meters as claimed b- t..e manufacturer, thie

ship positions have a a.::.S. position error of less than 10

meters over the area, which was adequate to test the accuracy

of the Loran derived positions.

.LORAIT-C POSITIOT COI.2UTATIO.1S

Time differences for each of the positions were computed

asstmin. seawater path propaRation using a fortran routine

adapted from one supplied by the 1Tational Ocea. Survey

Liordan, 19793. The computed and observed time differences

were compared and five positions were rejected because of

obvious busts in the recorded Loran values. This left 130

positions for the subsequent analysis. The Loran system para-

meters used in the computations exe listed in Table III. In

order to be consistent with the :Tational cean Survey charts

of the area and the microwave system positions, all computa-

tions w.,ere done relative to 'Torth merican Datum 1927 T-eozra-

-hic positions.
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TA'I1BE III- Geographic Positions and Constants Used
in Position Computations

:icrowave System Geographic Position
Stations (1TAD 1927) Rmarks

iulligan (1932) 36 44 56.717 N Used on both
121 47 52.416 W 12 June and 25 Julr

Mussel a.M. 2 36 37 17.540 :T Used on 12 Jne

(1932) 121 54 11.857 7

::ontere:r Ba -  36 37 31.128 'T Used on 25 Jul.?
4 C--D (1972) 121 50 31.728

Loran-C 9940 Chain. Data

Geographic Position -ission Dela-
Station (U-D 1927) (microseconds)

::aster 39 33 07.03
'al!on, 118 49 52.23 -'

Seconda- 'J 47 03 48.82 11,000.00 + 2?.6.90
George, '.'A 119 44 34.78

Secondaz. Y 35 19 18.32 T 40,000.00 + 19G .2
Searchlight, 1V 114 43 13.95 T
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C. MdTALYSIS OF TH7 IjOT DATA

aeceiver error and velocity effects aere apparent in

the data. Ship motion ccid the five second eaera in7 time

of the receiver resulted in observed T-s whiuh were several

seconds old in comparison to the microwave s-'stem measure-

ments; i.e., the Loran readings represented the position of

the ship several seconds before the microwave system fix

.--s determined. in order to partiall- compensate for this

effect, the observed Ts were advanced a distance ecuivalent

to that traveled :- the shin in 2.5 seconds. Denendinf7 unon

the course and speed of the ship, the correction ran-ed

bet..reen ± 0.07 microsecond for the . rate end ± 0.03 micro-

second for Y. In future work, a computer based data loz-in-

s-.ystem could perform thi s correction in real-time and obtain

better results.

In order to studyr t-e spatial variation of the overland

correction, the differences bet-ween computed and observed

TDs were calculated at each point. Defining these differences

as T and E': for the TDY and TD'T rates, respectively, it is

apparent that,

ZY - E -Ey + receiver error

and similarly for E;J. Thus these E values at each point con-

tain the information on the overland correction, but it is

masked b:, receiver errors. ?or reference, a listin- of

7eon raphic position, the observed TDs and respective values

has teen apnended to this report.
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Tests with the ship stopped gave a redom receiver

error of 0.05 and 0.07 microseconds (one standard deviation)

on the Y and ' rates, respectivelyr, which was reasonable

given the manufacturer's claim of 0.1 microsecond. In

order to reduce the effect of receiver error, the computed

2 values were spatially averaged over a circular area of

1300 meter radius around each Dosition. Assuming that

receiver errors were randomly distributed, the increased

nu"cer of estimates tended to brinT out 'he soatial oatter_

of the overland corrections. The choice of a 1300 meter

averazing raufus was somewhat arbitrary. Given the 500 to

600 meter spacing of positions, this choice brought az--

wiere from 3 to 10 adjacent positions into the averagin-

orocess. it obviously suppresses variations with a scale

of less tha-n 3 kilometers, but monotonic trends in the

natterr were preserved.

D. 17 SU LTS

Fi-,res 5 and 6, which depict the overland corrections
for the test area, were derived from the spatially avera-ed

values. The contours indicated a rapid change in the cor-

rectors in the nearshore area due to phase recovery of the

signals after passinz over the coast. At 12 kilometers

offshore the variation had dropped to something less thanu

0.02 microsecond/kilometer. Using the 48 data points (not

37



122*W 121*55' - 0

7.L

0ft (0

ILI



122*W 12155' 50'

.4 . 0.45

40'

3635'N .Monterey

7,i -.-re 6. Cverla'A Prona -ation- Correctuions, 9940-7 >7ete

LwA 39



averaged) which were 10 kilometers or more offsh-ore, the

following: overland corrections were determined:

Averasge Stendard
Loran Correction Deviation
R ate (.microseconds) (,microseconds)

V -0.50 0.07

-11400

Thne coriouted standard deviations were t-oical of those

ex-oect'ed from a receiver w!ith a stamdard error on the

order of 0.1 microsecond or less. A-oTi t:: ese averafge

corrections 'aniformi- to the offshore positions cgave a

.:s.distance error of 66 meters in the derived Loran

positions. 1-L similar results hnad been obtained '.it te

:T. and '-I rates, whih ave better r-eometric precision i

th-e t.est. area, --he R.N..S. distance error .-ic1.d h-ave boeen

reduced to abort 42 meters.
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VTI. CO"CLUSIOIT3

The 'ITational Oceani Survey has recuired that any electronic

* nositionriing sy stem exhibit a 2.CS. distance error of less

*than 0.5 millimeter at the scale of' the survey. 2 he

smallest scale routinelyr used for coastal surveyrs is 1:30,000

imol-rinL- an allowable error of 40 -meters. On t+Is basis,

it w-.as concluded that a positionin sr7stem based on ra-

in, the :-a-erbolic mode is unasuitable for routine hydroc-ranh-ic

uase; ogiven the R.J-.S. distance error of 60 meters obtained

in the field test. Th"'-e 42 meter accurac.: (d=ms) cuoted in

t::7-e results assirned an atypical Lmnro-emen t in L~oran rreometz-.,

whiich invalidated its use as a test of t-he routine hyL,;drogra-

phic survey situation.

it should be noted, h.,owever-, that these errors were

largely due to random receiver errors wnich a~ere estimated

to be on the order of 0.07 microsecond. imnorovement in

receiver design-, or data saninlin~z procedures ;i:~ich aould

c'rin,7 this random error down to somethn Uest.n00

microsecond could make a Loran-C Dositi oninF s'rstem for

h.7drography feasible.

The second larg.est source of' error %,as fLou-nd to *-e th-*e

unresolved spoatial variatis inteoelndPoaUto

correction. ?urth.,er work is needed to determine wh-ether or

not these errors could be reduced to somethin.T lessth

ik 41



0.05 microsecond in offshore areas awa-r from the coastline

induced -oerturbCations. '-'-e approach.- adonted in this stud'r

-ias to deter-mine the overla~nd corr-ections empoirical>- from

measurements. Oth'-er approaches are possible, such as

Th-'ert- [1972J , .-,richi combine measurements wit', Th'-sical

con~straints of the c-rotrnd wavre propa~ation theo27.7 Tests

of such methods with offshore data bases would be extremrely

enli-htenin7.

rn -noral instabnilit-- of th-e orern rates .vas found to be

an insi,-ni-icant source of error. The inve stirat'-ions cited

i- th,,is r-eport have indicated th--at these errors c b- -1'-e

redu,,ced to something- less thz.0.02 microsecond by ropDer

application of differential -Doran tec'-i ces.

. hile it hai2s been sho.rn th-at th pesent capoabilities

of a _Lora n-C poositioniJng system fall short of those needed

for rdrgrapic urves,-hat goal seems tantalizingl>?

close.



APPENCIX: DATA L!STING

CFFSHCRE ,38SERVATIONS

SHIP POSITION OBSERVED LORAN RATES & CORRECTIONS

LATITUOE LONGITUCE 9940-Y EY 9940-W EW
(D-M-S) (D-M-SJ ()AS) (pS) (US) (MS)

36 43 45.80 121 55 27.16 42789.34 -0.49 16294.04 -1.08
36 44 3.40 121 55 32.34 4279L.13 -0.40 16293.46 -1.13
36 44 21o18 121 55 37.39 42793.04 -0.39 16292.7? -1.02
36 44 37.49 121 55 46.95 42795.13 -0.60 16292.03 -1.08
36 44 53.26 121 55 57.71 42796.93 -0.52 16291.43 -1.30

36 45 8.73 121 56 8.32 42798.67 -0.44 16290.44 -1.11
36 45 24.28 121 56 18.65 42800.59 -0.52 162S9.82 -1.29
36 45 39.54 121 56 29.79 4?802.29 -0.40 16288.75 -1.04
36 45 55.10 121 56 4C.C3 42804.10 -0.38 16288.07 -1.14
3b 46 10.75 121 56 5G.50 42805.90 -0.34 16287.34 -1.23

36 46 26.28 121 57 0.69 42807.88 -0.50 16286.59 -1.26
36 46 21.46 121 54 59.24 42804.05 -0.46 16291.70 -1.19
36 46 14.15 121 54 36.76 42802.73 -0.49 16292.74 -1.12
36 41 8.96 121 56 48.83 42776.29 -0.71 16294.50 -1.32
36 41 23.35 121 57 4.84 42778.04 -0.58 16293.46 -1.27

36 41 38.08 121 57 20.52 42779.86 -0.51 16292.27 -1.07
36 41 52.90 121 57 36.71 42781.88 -0.60 16291.46 -1.26
36 42 7.05 121 57 52.36 42783.64 -0.53 16290.43 -1.19
36 42 21.38 121 58 7.54 42785.47 -0.52 16289.45 -1.17
36 42 36.09 121 58 22.87 42787.41 -0.58 16288.56 -1.25

36 42 48.66 121 58 37.76 42789.13 -0.64 16287.58 -1.18
36 43 31.92 121 59 24.96 42794.46 -0.41 16284.50 -1.07
36 43 43.27 121 59 43.80 42796.20 -0.50 16283.55 -1.17
36 43 54.51 122 0 3.C6 42797.93 -0.60 16282.59 -1.29
36 44 5.37 122 0 22.30 42799.46 -0.55 16281.48 -1.23

36 44 16.04 122 0 41.30 42800.88 -0.40 16280.29 -1.38
36 44 38.22 122 1 19.23 42804.21 -0.52 16278.14 -1.05
36 44 49.11 122 1 38.30 42805.84 -0.57 16277.1 -1.09
36 45 55.33 121 59 26.e0 42808.76 -0.49 16281.07 -1.12
36 45 41.46 121 59 13.09 42807.10 -0.58 16282.05 -1.20

36 45 27. 4 121 58 59.44 42805.23 -0.46 16282.80 -1.05
36 45 13. 3 121 58 45.63 42803.53 -0.50 16283.95 -1.29
36 44 59.70 121 58 31.71 42801.74 -0.47 16284.66 -1.09
36 44 45.76 121 58 18.10 42799.97 -0.46 16295.58 -1.12
36 44 32.59 121 58 4.48 42798.21 -0.36 16286.60 -1.25

36 44 18.14 121 57 50.54 42796.59 -0.55 16287.39 -1.13
36 43 36.46 121 57 8.43 42791.20 -0.47 16290.14 -1.16
36 43 22.39 121 56 54.20 42789.45 -C.51 16291.01 -1.12
36 43 8.49 121 56 39.85 42787.67 -0.51 16292.02 -1.22
36 42 54.36 121 56 25.39 42785.91 -0.56 16293.04 -1.31

36 44 37.74 121 55 13.79 42794.16 -0.51 16293.51 -1.20
36 44 51.46 121 55 27.53 42795.90 -0.50 16292.73 -1.30
36 45 31.58 121 56 8.65 42801.01 -0.48 16289.91 -1.12
36 45 44.99 121 56 22.64 42802.73 -0.49 16289.05 -1.16
36 45 58.40 121 56 36.68 42804.49 -0.53 16288.00 -1.01

36 46 11.82 121 56 50.11 42806.18 -0.52 16287.17 -1.06
36 46 25.4L 121 57 3.79 42807.82 -C.44 16286.27 -1.05
36 46 38.92 121 57 17.50 42809.51 -0.41 16285.45 -1.12
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NEARSHORE OBSERVATIONS

SHIP POSITION OBSERVED LCRAN RATES CORRECTIONS

LATITUDE LONGITUDE 9940-Y EY 9940-W EWtD-M-S| (D-M-S) ()IS) yj S) (giS) (As)

36 38 34.78 121 54 2.15 42756.10 -0.63 16304.91 -1.52
36 38 52.46 121 54 7.23 42758.11 -0.75 16304.10 -1.32
36 39 10.47 121 54 12.37 42759.88 -0.57 16303.51 -1.32
36 39 28.87 121 54 17.C2 42761.96 -0.69 16302.98 -1.39
36 39 46.74 121 54 21.48 42763.70 -0.52 16302.37 -1.35

36 40 5.08 121 54 25.S6 42765.64 -0.51 16301.51 -1.08
36 40 23.19 121 54 30.41 42767.71 -0.65 16301.24 -1.39
36 40 41.54 121 54 34.48 42769.55 -0.55 16300.54 -1.27
36 45 29.74 121 51 59.CI 42793.77 -0.38 16300.57 -1.39
36 45 24.35 121 51 36.36 42792.73 -0.52 16301.54 -1.30

36 45 19.05 121 51 13.66 42791.46 -0.42 16302.66 -1.37
36 45 14.06 121 50 5G.71 42790.39 -0.49 16303.66 -1.31
36 45 9.12 121 50 27.79 42789.23 -0.48 16304.76 -1.35
36 45 4.52 121 50 4.65 42788.16 -0.54 16305.84 -1.38
36 45 0.04 121 49 42.47 42787.08 -0.54 16306.97 -1.50

36 44 55.44 121 49 19.35 42785.77 -0.36 16307.83 -1.31
36 44 53.84 121 49 8.80 42785.39 -0.44 16308.46 -1.47
36 44 43.06 121 49 23.S3 42784.82 -0.53 16308.02 -1.41
36 44 38.94 121 49 45.4 42784.91 -0.41 16307.30 -1.51
36 44 34.85 121 50 8.11 42785.10 -0.38 16306.41 -1.44

36 44 30.64 121 50 29.67 42785.42 -0.50 16305.64 -1.47
36 44 26.51 121 50 51.C8 42785.66 -0.55 16305.03 -1.63
36 44 22.17 121 51 12.84 42785.68 -0.39 16304.08 -1.48
36 44 17.64 121 51 34.76 42785.97 -0.51 16302.97 -1.17
36 44 13.10 12L 51 56.79 42786.20 -0.57 16302.34 -1.34

36 44 8.63 121 52 18.39 42786.31 -0.51 16301.65 -1.44
36 44 4.10 121 52 39.S3 42786.31 -0.36 16300.80 -1.38
36 43 5S.52 121 53 1.24 42786.67 -0.56 16300.15 -1.49
36 41 45.88 121 53 57.40 42774.88 -0.54 16300.65 -1.29
36 41 38.91 121 53 55.19 42774.14 -0.55 16301.00 -1.39

36 41 27.58 121 53 59.90 42773.15 -0.55 16301.17 -1.50
36 41 l1.61 121 54 11.26 42771.85 -0.51 16300.71 -1.16
36 40 55.5L 121 54 22.47 42770.50 -0.44 16300.86 -1.40
36 40 39.85 121 54 33.85 42769.34 -0.52 16300.68 -1.34
36 40 23.59 121 54 44.24 42767.98 -0.47 16300.59 -1.32

36 39 49.94 121 54 52.54 42765.09 -0.69 16300.98 -1.30
36 39 32.31 121 54 46.84 42763.11 -0.62 16301.82 -1.52
36 39 27.50 121 54 44.87 42762.58 -0.63 16302.00 -1.50
36 39 28.71 121 54 56.75 42763.09 -0.67 16301.07 -1.08
36 40 59.62 121 54 39.24 42771.52 -0.58 16299.93 -1.25

36 41 17.39 121 54 43.91 42773.43 -0.59 16299.36 -1.27
36 45 40.86 121 52 44.31 42796.14 -0.36 16298.30 -1.24
36 41 34.79 121 54 48.67 42775.27 -0.55 16298.74 -1.24
36 41 52.20 121 54 53.50 42777.16 -0.57 16298.24 -1.33
36 42 9.66 121 54 58.31 42779.02 -0.57 16297.52 -1.20
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NEARSHORE OBSERVATIONS

SHIP POSITION CBSERVED LORAN RATES & CORRECTIONS

LATITUDE LONGITUDE 9940-Y EY 9940-W EW(0-M-S) ( D-M-S) (,US ) (,US| I WS) ( S)

36 42 27.04 121 55 3.22 42780.93 -O.el 16296.95 -1.22
36 42 53.16 121 55 10.47 42783.80 -0.67 16295.94 -1.10
36 43 10.66 121 55 16.16 42785.54 -0.50 16295.40 -1.18
36 43 28.21 121 55 21.57 42787.41 -0.47 16294.85 -1.26
36 46 6.99 121 54 14.C7 42801.32 -0.42 16293.93 -L.20

36 45 59.82 121 53 51.35 42799.98 -0.42 16294.90 -1.06
36 45 52.68 121 53 29.25 42798.49 -0.26 16296.17 -1.25
36 45 46.82 121 53 6.78 42797.52 -0.51 16297.15 -1.16
36 45 35.36 121 52 21.83 42795.21 -0.60 16299.42 -1.31
36 43 54.84 121 53 23.15 42786.74 -0.49 16299.34 -1.48

3o 43 50.02 121 53 44.34 42786.87 -0.49 16298.50 -1.40
36 43 45.19 121 54 5.83 42787.05 -0.55 16297.70 -1.37
36 43 43.41 121 54 12.26 42786.99 -0.49 16297.35 -1.25
36 43 21.47 121 54 15.34 42784.94 -0.54 16297.93 -1.46
36 43 2.21 121 54 11.56 42782.93 -0.55 16298.45 -1.40

36 42 43.38 121 54 8.25 42780.80 -0.41 16298.86 -1.23
36 42 24.10 121 54 4.72 42778.89 -0.53 16299.53 -1.32
36 42 4.95 121 54 1.27 42776.77 -0.40 16300.11 -1.33
36 40 7.43 121 54 54.37 42766.74 -0.54 16300.52 -1.30
36 39 43.17 121 55 12.55; 42765.04 -0.73 16300.38 -1.35

36 39 57.5L 121 55 28.88 42766.84 -0.64 16299.41 -1.37
36 40 12.03 12L 55 45.32 42768.84 -0.73 16298.34 -1.29
36 40 26.35 121 56 1.30 42770.63 -0.63 16297.46 -1.38
36 40 40.19 121 56 17.C8 42772.38 -0.57 16296.25 -1.13
36 40 54.66 121 56 32.98 42774.29 -0.58 16 295.39 -1.25

36 42 26.44 121 55 56.84 42782.30 -0.52 16294.92 -1.38
36 42 12.66 121 55 42.66 42780.60 -0.59 16295.68 -1.25
36 41 59.02 121 55 28.93 42778.84 -0.58 16296.61 -1.30
36 42 1.87 121 55 13.58 42778.70 -0.59 16297.14 -1.26
36 42 18.24 121 55 3.92 42780.11 -0.64 16297.22 -1.31

36 42 42.74 121 54 49.26 42781.89 -0.40 16297.38 -1.42
36 43 7.54 121 54 i5.92 42784.16 -0.58 16297.25 -1.31
36 43 24.95 121 54 30.55 42785.69 -0.52 16296.89 -1.12
36 43 42.42 121 54 25.39 42787.27 -0.51 16296.77 -1.19
36 43 57.08 121 54 33.58 42788.95 -0.48 16296.34 -1.43

36 44 10.34 121 54 46.S5 42790.67 -0.50 16295.19 -1.14
36 44 24.16 121 55 0.33 42792.42 -0.50 16294.46 -1.28
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